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Abstract 
The titanium alloys posses good affinity towards oxygen at elevated temperature in air and thereby leading to oxidation. The 
current paper presents the oxidation behaviour of titanium alloy, Ti-6Al-4V at elevated temperature. The degradation of the 
alloy oxidation mechanism is described in detail. Rapid degradation or the inability to repair these complex material results  in 
excessively high operating costs. A suitable protective HVOF coating 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY was sprayed 
on Ti-31 alloy to combat oxidation to improve the life and efficiency of components. Thermogravimetric technique was used 
to study the high temperature oxidation behaviour of bare and coated alloy at 800ºC for 50 cycles, 1 hr heating in tube furnace 
and 20 minutes colloing in atmospheric temperature. The oxidized products are analyzed using XRD and SEM/EDX. It is 
observed that a coating has less porosity and semi melted powder particles in the structure.  Also the coating has imparted 
necessary oxidation resistance by formation of chromium and nickels oxides. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of AMME 2014. 
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1. Introduction 
 
Material issues are of paramount importance for the reliable and cost effective operation of gas turbine engines. 
Titanium alloys are used in gas turbine engine compressor section components because of their lightweight and 
high strength reported by Gurappa (2003).  These components are exposed to elevated temperature in air and 
thereby leading to oxidation and -case formation (Boyar (1995)). During oxidation the non productive alumina 
and titanium oxide scales are formed on the specimen due to high temperature (Gurappa and Gogia (1999), 
Gurappa (2002)). After reaching particular thickness of the oxide scales are started to spalling due to adherence 
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problem. This behaviour is observed only the specimen exposed to 800ºC observed by Guappa (2003). The 
titanium alloys are exposed to 800ºC more weight gain are observed due to excellent reaction between oxygen and 
fresh metallic surface formation of -case.  
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   As a result, the titanium alloy fresh metallic surface easy to react with oxygen and formation non productive 
scale (TGO). These thermally grown oxide scale spalling continues the process as long the exposure continues and 
the depth of attack of alloy increases gradually by -case formation as well as oxide scale growth and thus 
affecting the mechanical properties of the alloy drastically.  Therefore, appropriate protective coatings are 
necessary for the titanium alloys are reported by Mahesh et al. (2007). In order to improve oxidation resistance of 
alloys under high temperature conditions most commonly used aluminium and nickel aluminized coatings (Lee 
and Kuo (2005 and 2006), Hong et al. (2007)).  
Modern gas turbines are running at higher temperature to improve efficiency and lower fuel costs is reported 
by Jiing et al. (2009). Now day’s thermal barrier coatings (TBCs) are commonly used to coat the components used 
in hot section of gas turbine. The degradation of the TBCs is thermal mismatch between bond coat and substrate 
also bond coat with top coat because of plasma spraying process is reported by Tsai and Tsai (1998) and Sidhu et 
al. (2007). Due to insufficient of oxidation resistance of sprayed MCrAlY coatings, the effective life span of 
MCrAlY coatings and TBC coatings were limited.  
Many researchers have reported, the Cr3C2-NiCr HVOF sprayed coating have very good combat the erosion, 
corrosion and wear resistance. These coating were developed the oxide coating like Cr3O2 and NiO on the top 
layer and resist the degradation of the materials (Maata et al. (2010), Sidhu et al. (2006), Wright and Gibbons 
(2007)). Introducing new coating 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY posses the properties of not only 
excellent oxidation and hot corrosion but also improve the sufficient toughness is reported by Peng et al. (2007). 
In the present investigation a very little and new attempt has been made to evaluate the oxidation behaviour of 
these coatings under cyclic conditions. 
 
2. Experimental 
2.1 Substrate Material and Coating Formulation 
The titanium alloy Ti-31 was used as the substrate material, in the present study.  The equivalent ASTM 
standards of the substrate materials are ASTM B338 Grade 5.  The materials were purchased from MIDHANI, 
Hyderabad, India, in rolled form.  The nominal chemical compositions of the substrate material are given in Table 
1.  The specimen with dimensions of the approximately 25mm X 25mm X 5mm were cut, ground and 
subsequently grit blasted with alumina powders (Grit 45) before spraying of the coatings by HVOF process.  This 
was done to enhance adhesion of the coating to the substrate.  The specimen was prepared manually without any 
structural changes.  Figure 1 shows micrographs of the substrate used for the HVOF coating.  
 
Table 1 Chemical compositions of the substrate used for HVOF coating. 
Sl. No Substrate Chemical composition, wt% 
1 Ti-31 Ti-bal, Al-6, V-4 
 
Commercially available cermet powder (chromium based) was used as the feedstock alloy for HVOF spraying.  
The details of the feedstock alloy used and HVOF coating are given in Table 2. The powder was mechanical blend 
type and manufactured by M/s Sultzer Metco Ltd.  The coatings were sprayed at Anod Plasma Industries, Kanpur, 
India.  A Metco DJ2600 (India) gun was used for powder spraying.  The spray parameters used for HVOF 
spraying were, oxygen flow rate-270 LPM; LPG flow rate-70 LPM; air flow rate-700 LPM; spray distance-about 
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20 cm; powder feed rate-50 g/min; fuel pressure-7 kg/cm2; air pressure-5.5 kg/cm2; oxygen pressure-10 kg/cm2; 
nitrogen gas (powder carrying gas) pressure-5 kg/cm2.  During HVOF spraying, the specimen was cooled with 
compressed air. 
 
               Table 2 Composition of the feedstock alloys, coating thickness and porosity 
 
 
2.1 Cyclic Oxidation Studies   
 
Oxidation studies were conducted at 800°C in a laboratory silicon carbide tube furnace with an accuracy of 
±5°C.  Physical dimension of the specimen where recorded carefully with a vernier caliper, to evaluate their 
surface area.  Subsequently, specimen were washed with acetone and dried in hot air by means of heating both 
boat and specimen in an oven at 150°C for about 30 minutes, to remove the moisture.    During experimentation 
the prepared specimen were kept in an alumina boat and the weight of the boat and specimen was measured.  The 
oxidation studies, under cyclic conditions, were conducted in atmospheric air condition.  The tests were conducted 
for 50 cycles of which each cycle consists of 1 hour heating at 800ºC in silicon carbide tube furnace followed by 
20 min cooling in air.  
The weight change values were measured at the end of each cycle with the aim to understand the kinetics of 
oxidation.  Visual observations were made after the end of each cycle with respect to colour, luster or any other 
physical aspects of the oxide scales being formed.  The reproducibility in the experiment was established by 
repeating the experiments.  The oxidized products of the uncoated (bare) and HVOF coated materials are analyzed 
by using x-ray diffractometer (XRD), scanning electron microscope (SEM) and energy dispersive x-ray 
spectroscope (EDX) to reveal their microstructural and compositional features and for elucidating the oxidation 
mechanisms. 
 
3. Results and Discussion 
3.1 Analysis of As-sprayed Specimen 
Fig. 1 shows the macrograph of uncoated and coated Ti-31 is light brown and dark grey color respectively. The 
XRD pattern (Fig. 2a) shows uncoated Ti-31 having Ti, Al and TiO2 major phases as principal phases. Fig. 2b 
shows the phases of 25% (Cr3C2-25(NiCr)) + 75% NiCrAlY powder having Cr, Ni, and Al is major phases and 
coated surface having Cr2O3 and NiO major phases as a principal phases. The surface of the 25% (Cr3C2-
25(Ni20Cr)) + 75% NiCrAlY coating consists of Cr3C2 phase besides CrC, which illustrates that the minor 
decomposition of carbides has taken place during the HVOF spraying. 
 
 
3.2 Oxidation Studies on Uncoated and Coated Substrates 
 
3.2.1 Visual Observations 
 
The macrographs of uncoated Ti-31 and coated have been subjected to oxidation in air environment for 50 
cycles at 800 ºC are shown in Fig. 3a. It can be observed that there is an intense spalling of oxide scale on the 
surface of uncoated Ti-31 and from the first cycle the scale starts separating from the substrate of Ti-31 forming a 
brown colour. The macrographs of the HVOF sprayed 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coating on the 
Chemical Composition (wt %)  Particle Size (μm)     Average        Porosity           Micro hardness(Hv)     
                                                          Shape          Coating Thickness  (μm)                                                   
 25% (Cr3C2-25(Ni20Cr))+     
75%(Bal Ni-21Cr-8Al-0.5Y)       -45+15                           306             1.5%                553                
                                                     Spherical 
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Ti-31, subjected to oxidation in air environment for 50 cycles at 800 oC are illustrated in Fig. 3b. The colour of the 
as-sprayed coating was light grey which turned into dark grey colour during the first cycle of exposure to air 
environment.  
 
 
 
 
 
 
 
 
 
 
Figure 1 Optical macrograph of uncoated and coated materials  
(a) Uncoated Ti-31 (b) 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coated Ti-31material. 
 
 
 
 
 
 
 
 
 
 
                              
 
 
           
 
 
 
 
 
Figure 2 X-ray diffraction patterns (a) Uncoated Ti-31 (b) Powder and coated surface of Ti-31. 
 
 
3.2.2 Thermogravimetric Analysis 
 
The plots of cumulative weight gain (mg/cm2) as a function of time expressed in number of cycles are shown in 
Fig. 4a. The weight gain for uncoated Ti-31 and 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coated Ti-31, at the 
end of 50 cycles is found to be 11.03 and 0.81mg/cm2, respectively. The plot shows an observable deviation from 
the parabolic rate law for the Ti-31 which indicates that the oxide scale is not very protective in air environment, 
similar observations observed by Gurappa 2003 and Mahesh Anuwar, 2006. Further the weight gain square 
(mg2/cm4) data is plotted as a function of time in Fig. 4b. The parabolic rate constant, Kp for the Ti-31 is 2.29*10-8 
and 0.138*10-8g2cm-4s-1 respectively. The plot shows an observable deviation from the parabolic rate law for the 
coated Ti-31 which indicates that the oxide scale is much protective in air environment. On comparing the 
parabolic rate constants Kp of the coated substrates it was found that the parabolic rate constant of the uncoated 
(a) (b)  
10 mm 
 
10 mm 
(b) (a) 
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substrate of Ti-31 was high compared to the coated substrates of Ti-31.  From these observations it could be 
inferred that since the Kp  value is decreasing for the coated substrates of  Ti-31,  the coating has provided good 
oxidation protection to the base materials whereas the higher Kp  of the Ti-31 uncoated substrate shows that it has 
less oxidation resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Macrographs of 25% (Cr3C2-25(Ni20Cr)) +75% NiCrAlY coating subjected to oxidation at 800 ºC  
                                                       for 50 cycles  (a) Uncoated Ti-31 (b) Coated Ti-31. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Plots of thermogravimetric analysis values (a) Weight gain/area versus number of cycles  
(b) (Weight gain/area)2 versus number of cycles for uncoated and coated samples subjected to oxidation. 
 
3.2.3 XRD Analysis on Oxidized Samples 
 
 
The X-ray diffraction patterns of the upper oxide scale, after its exposure to air environment at 800 ºC for 50 
cycles are shown in Fig. 5a. The oxide scale on the uncoated substrate Ti-31 under study consisted of TiO2 and α-
Al2O3 as major phases on the surface. The sample also showed the presence of V2O3, V2O5, AlTi3, TiVO4 and 
Al2V2O4 as minor phases in unproductive oxide scales. The high intensity peak represents the oxygen present in 
the oxide scale and lower intensity represents the oxygen dissolved in the subsurface zone of titanium alloy 
(a) (b) 
 
10 mm 
 
10 mm 
(a) (b) 
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similar observation observed by Gurappa, 2003. The scale on all the 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY 
coating on substrates of Ti-31, under study consisted of α-Al2O3, Cr2O3 and NiO as major phases are oxide 
resistance scales. The samples also showed the presence of CrC, Cr3Ni2, Al3Ni2 as intermetallic phases and 
NiAl2O4, NiCr2O4 as spinel in the form of minor phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 X-ray diffraction patterns subjected to cyclic oxidation for 50 cycles in air at 800 ºC  
                                            (a) Uncoated Ti-31 (b) Coated Ti-31. 
 
 
3.2.4 SEM/EDX Surface Analysis on Oxidized Samples 
 
The SEM micrograph showing the morphology of scales along with the EDX analysis is illustrated in Fig. 6. 
Fig. 6a shows oxidized surface on Ti-31. It has TiO2 (varying from 78 to 86 wt.%) and Al2O3 (varying from11 to 
16%) as the main constituent and small amount of V2O5 (2.5 to 4.6%) in the outer layer of the Ti-31 oxidized 
surface. The morphologies of the oxidized, 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coated materials along with 
EDX analysis are shown in Fig. 6b. The EDX analysis of oxidized scales shows the formation of Cr2O3 and NiO 
as major phases on coatings done on the substrate materials as shown in Fig. 6b. Coating on Ti-31 (Fig. 6b) shows 
Cr2O3 in the range of 64 to 94% and NiO 5 to 35%. 
 
 
3.2.5 Cross-sectional Analysis  
 
Cross sectional analysis of the scale formed because of oxidation of HVOF 25% (Cr3C2-25(Ni20Cr)) + 75% 
NiCrAlY coating on Ti-31 shown in Fig. 7. A continuous and adherent oxide scale is formed on the coated 
substrate materials, which has retained the dense structure of the as sprayed coatings even after the oxidation run 
for 50 cycles. There is no indication of any crack in the scale; also there is no diffusion of oxygen in to the 
substrate materials in all the three coated materials. EDX analysis of oxidized 25% (Cr3C2-25(Ni20Cr)) + 75% 
NiCrAlY coated Ti-31 (Fig. 7) shows that the top surface of the scale contains mainly oxides of Cr and Ni, with 
subsequent splat boundaries showing CrC rich layer at the top and a second layer rich with Ni (3%) and Cr 
(57.4%). Cross-sectional EDX analysis of Ti-31 shows that the 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coating 
provided the necessary protection against the oxidation by forming a Cr2O3 scale on the uppermost part of the 
coating followed by NiO in the subscale region. Presence of oxygen at point 1 may be due to the in-flight oxygen 
in the coating, which leads to the formation of Cr2O3. 
(a) (b) 
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Figure 6 SEM/EDX surface analysis materials subjected to oxidation for 50 cycles at 800 ºC; 
(a) Uncoated Ti-31 (b) 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coated Ti-31. 
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Figure 7 Back scattered image and EDX analysis (wt.%) across the cross-section of the 25% (Cr3C2-25(Ni20Cr)) 
       + 75% NiCrAlY coated Ti-31 material subjected to oxidation for 50 cycles at 800 ºC. 
 
     
   
  
 
 
 
 
 
Figure 8 X-ray mapping along the cross-section of the 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coated  
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                        Ti-31 material subjected to oxidation for 50 cycles at 800 ºC. 
 
 
3.2.6 X-ray Mapping Analysis  
 
X-ray mapping of the cross-section of oxidized samples were done. X-ray mapping of the scale formed on 25% 
(Cr3C2-25(Ni20Cr)) + 75% NiCrAlY HVOF coated Ti-31 after oxidation in air environment at 800 ºC for 50 
cycles are shown in Fig. 8. 
 
4 Conclusions  
 
 Uncoated Ti-31 suffered a higher oxidation rate and spalling of oxide scale. The stress developed due to higher 
volume of oxide scale leads to cracks, in turn resulted in spallation. Uncoated Ti-31 shows higher oxidation 
rate in comparison to coated Ti-31. 
 Based on the thermo gravimetric data it can be inferred that the 25% (Cr3C2-25(Ni20Cr)) + 75%NiCrAlY 
coating provides the highest oxidation resistance at 800 ºC the air environment. 
 From the graph (Fig.4) we can observe that base material Ti-31 has oxidized more whereas in case of 25% 
(Cr3C2-25(Ni20Cr)) + 75% NiCrAlY coating it has oxidized the least. 
 The superior oxidation resistance of 25% (Cr3C2-25(Ni20Cr)) + 75% NiCrAlY can be attributed to the thick 
protective oxide scale developed on the surface. The upper most layer of the oxide scale mainly consisted of 
continuous film of Cr2O3 which have minimal reaction to air condition. The slow oxidation kinetics observed 
during the thermo gravimetric studies shows that the reaction rate is diffusion limited and all the two coated 
materials indicated parabolic behaviour.    
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